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ABSTRACT
We analyse systems analogous to the Milky Way (MW) in the EAGLE cosmological hydro-
dynamics simulation in order to deduce the likely structure of the MW’s dark matter halo.
We identify MW-mass haloes in the simulation whose satellite galaxies have similar kinemat-
ics and spatial distribution to those of the bright satellites of the MW, specifically systems
in which the majority of the satellites (8 out of 11) have nearly co-planar orbits that are also
perpendicular to the central stellar disc. We find that the normal to the common orbital plane
of the co-planar satellites is well aligned with the minor axis of the host dark matter halo,
with a median misalignment angle of only 17.3◦. Based on this result, we infer that the minor
axis of the Galactic dark matter halo points towards (l, b) = (182◦,−2◦), with an angular un-
certainty at the 68 and 95 percentile confidence levels of 22◦ and 43◦ respectively. Thus, the
inferred minor axis of the MW halo lies in the plane of the stellar disc. The halo, however, is
not homologous and its flattening and orientation vary with radius. The inner parts of the halo
are rounder than the outer parts and well-aligned with the stellar disc (that is the minor axis of
the halo is perpendicular to the disc). Further out, the halo twists and the minor axis changes
direction by 90◦. This twist occurs over a very narrow radial range and reflects variations in
the filamentary network along which mass was accreted into the MW.
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1 INTRODUCTION
One of the fundamental predictions of the standard cosmologi-
cal model (ΛCDM) is that galaxies are surrounded by extended
distributions of dark matter (DM) – the DM haloes (Davis et al.
1985). These are essential for galaxy formation since they pro-
vide the gravitational potential wells within which gas is able to
cool, condense and form stars (White & Rees 1978; White & Frenk
1991; for a review see Somerville & Dave´ 2015). DM haloes are
the end product of the anisotropic gravitational collapse of non-
dissipative matter and thus have highly non-spherical shapes (see
Frenk & White 2012; Zavala & Frenk 2019, for recent reviews).
Measuring the DM mass distribution and, in particular, the shape of
haloes, provides a crucial test of the standard cosmological model
and could reveal the nature of DM or rule out alternative cosmolog-
ical theories. Here, we investigate how the Milky Way (MW) disc
of satellite galaxies can be used to infer the orientation and aspects
of the formation history of the Galactic DM halo.
Our galaxy offers a prime test-bed for characterising the DM
distribution around galaxies. Numerous studies have focused on de-
termining the mass and radial density profile of the Galactic DM
halo by analyzing the dynamics of halo stars, globular clusters and
satellite galaxies (e.g. Xue et al. 2008; Deason et al. 2012; Posti &
? E-mail: shi.shao@durham.ac.uk
Helmi 2019; Callingham et al. 2019; Eadie & Juric´ 2019; Watkins
et al. 2019) or simply the number and other properties of the satel-
lites (e.g. Busha et al. 2011; Cautun et al. 2014b). By contrast, far
fewer studies have attempted to infer the shape and orientation of
the Galactic DM halo, which, in part, is a manifestation of the dif-
ficulties inherent in such a task.
In ΛCDM, DM haloes have a range of shapes and can be de-
scribed as ellipsoidal mass distributions, with a preference for pro-
late over oblate shapes (e.g. Frenk et al. 1988; Dubinski & Carlberg
1991; Warren et al. 1992; Jing & Suto 2002; Allgood et al. 2006;
Bett et al. 2007; Hayashi et al. 2007; Schneider et al. 2012). The
axes ratios and orientations of the mass ellipsoids vary as a func-
tion of distance from the halo centre and contain imprints of the
past growth history of the halo, with each shell retaining memory
of the mass accretion properties at the time when it collapsed (e.g.
Wechsler et al. 2002; Vera-Ciro et al. 2011; Wang et al. 2011; Lud-
low et al. 2013). Galaxy formation simulations have shown that the
mass distribution within haloes can be significantly affected by the
baryonic distribution and, in particular, by the orientation of the
central galaxy. In the very inner few tens of kiloparsecs, baryonic
matter can dominate the potential and cause the DM distribution
to become less aspherical than predicted by simulations of dissi-
pationless collapse and well aligned with the central galaxy (e.g.
Abadi et al. 2003; Bailin & Steinmetz 2005; Bryan et al. 2013;
Tenneti et al. 2014, 2015; Velliscig et al. 2015a,b; Shao et al. 2016;
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Chua et al. 2019). At large distances the potential of the bary-
onic component is subdominant and the DM haloes retain a similar
shape and orientation to those found in DM-only simulations.
Since DM cannot yet be observed directly, the shape and ori-
entation of haloes can only be inferred from gravitational effects
and correlations with visible tracers. The wealth of dynamical trac-
ers around the MW and, in particular, the exquisite quality and
sheer size of the Gaia dataset (Gaia Collaboration et al. 2018) has
lead to the development of a multitude of methods for studying the
Galactic DM halo (see Wang et al. 2019, for a recent review), in-
cluding inferring halo shapes from the properties of stellar streams
(e.g. Sanders & Binney 2013; Price-Whelan et al. 2014; Bovy et al.
2016; Malhan & Ibata 2019), the stellar halo (e.g. Bowden et al.
2016; Wegg et al. 2019) and hypervelocity stars (e.g. Gnedin et al.
2005; Contigiani et al. 2019).
Many studies of the shape of the Galactic DM halo are based
on the tidal stream of the Sagittarius dwarf, which traces the Galac-
tic potential within∼100 kpc, and argue for a highly flattened halo
that is oriented perpendicular to the MW disc (Helmi 2004; John-
ston et al. 2005; Law & Majewski 2010; Deg & Widrow 2013).
The best fitting Law & Majewski (2010) model has an oblate halo,
with axes ratios, 〈c/a〉 = 0.72 and 〈b/a〉 = 0.99, flatter than
the typical halo in ΛCDM (Hayashi et al. 2007); furthermore, its
alignment with the MW disc does not form a stable configuration
(Debattista et al. 2013). Motivated by these inconsistencies, Vera-
Ciro & Helmi (2013) improved the model by allowing the shape
and orientation of the DM halo to vary with radius, from a mildly
flattened halo in the inner ∼20 kpc (which is also supported by
GC dynamics, Posti & Helmi 2019) to the Law & Majewski con-
figuration at larger distances. Vera-Ciro & Helmi and Go´mez et al.
(2015) have highlighted that the Large Magellanic Cloud (LMC),
which is thought to be very massive (Pen˜arrubia et al. 2016; Shao
et al. 2018b; Cautun et al. 2019b), can induce significant dynamical
perturbations to the orbit of the Sagittarius tidal stream as well as
other streams (e.g. the Tucana III stream, Erkal et al. 2018), thus
further complicating the modelling of the Galactic halo potential.
Most studies of halo shape and orientation are restricrted to
the inner DM halo (< 100 kpc) since this is where the majority
of dynamical tracers are found. At larger distances little is known
about the shape of the halo and most conclusions are deduced from
statistical correlations. For instance, the central galaxy seems well
aligned with the inner halo and it has been argued that this align-
ment is preserved, although with some degradation, all the way to
the virial radius, allowing the orientation of the halo minor axis to
be inferred within a median angle of∼33◦ (e.g. Bailin & Steinmetz
2005; Tenneti et al. 2015; Velliscig et al. 2015a; Shao et al. 2016).
Satellite galaxies are preferentially accreted along filaments
(Libeskind et al. 2005, 2014; Shao et al. 2018a) – in the same di-
rections as mass is accreted onto haloes – and thus the satellites also
trace the DM halo including its large-scale orientation (Libeskind
et al. 2007; Shao et al. 2016). However, in the MW the satellites
are found in a plane perpendicular to the Galactic disc (e.g. Kunkel
& Demers 1976; Lynden-Bell 1976, 1982; Kroupa et al. 2005), and
this suggests a very different halo orientation from that inferred
from the orientation of the MW disc. Shao et al. (2016) studied
configurations in which the satellites are found in a plane perpen-
dicular to the central disc and have found that, in this case, the DM
halo is poorly aligned with the central galaxy. Thus, we cannot use
the MW stellar disc to predict the orientation of the Galactic halo.
In this paper we use the rotating disc of classical dwarf galax-
ies in the MW to infer possible formation histories and configura-
tions of the Galactic DM halo. The paper is motivated by the results
of Shao et al. (2019) who showed that, out of the 11 MW classical
dwarfs, 8 orbit in nearly the same plane (see also Pawlowski et al.
2013) – specifically the orbital poles of those 8 satellites are en-
closed within a 22◦ opening angle. Shao et al. (2019) showed that
MW-like rotating planes of satellites in ΛCDM are a consequence
of highly anisotropic accretion and, most importantly for this study,
of the torques exerted by the host halo which tilt the satellite orbits
onto the host halo’s equatorial plane. This suggests that the satellite
orbital plane should be a good indicator of halo orientation, which
is one of the main questions we investigate here.
We proceed by identifying in the EAGLE galaxy formation
simulation (Schaye et al. 2015) satellite systems similar to the MW,
in which 8 out of the brightest 11 satellites orbit in nearly the same
plane. The common orbital plane is very nearly perpendicular to
the minor axis of the host DM halo and thus can be used to predict
the orientation of the Galactic DM halo. We then identify EAGLE
MW-mass systems which have a rotating plane of satellites that is
perpendicular to their central galaxy, as found in our Galaxy, and
perform an in-depth study of such systems. The goal is to under-
stand the processes that give rise to the perpendicular configuration
between satellites and central galaxy and what this can tell us about
the formation history of the Galactic DM halo.
The paper is organised as follows. In Section 2 we review the
simulations used in this work and describe our sample selection; in
Section 3 we analyse the DM halo properties of systems which have
satellite distributions similar to our own galaxy; then in Section 4
we study the formation history of five MW-mass haloes that are
very similar to the MW; we conclude with a short summary and
discussion in Section 5.
2 SIMULATION AND SAMPLE SELECTION
We analyze the main cosmological hydrodynamics simulation (la-
belled Ref-L0100N1504) of the EAGLE project (Schaye et al. 2015;
Crain et al. 2015). The simulation follows the evolution of a pe-
riodic cube of sidelength 100 Mpc with 15043 DM particles and
an initially equal number of gas particles. The DM particle mass is
9.7× 106 M and the initial gas particle mass 1.8× 106 M. The
simulation assumes the Planck cosmological parameters (Planck
Collaboration XVI 2014): Ωm = 0.307,Ωb = 0.04825,ΩΛ =
0.693, h = 0.6777, σ8 = 0.8288 and ns = 0.9611.
The simulation was performed with a modified version of
the GADGET code (Springel 2005), which includes state-of-the-
art smooth particle hydrodynamics and subgrid models for bary-
onic processes such as element-by-element gas cooling, star for-
mation, metal production, stellar winds, and stellar and black hole
feedback. The EAGLE subgrid models were calibrated to reproduce
three present-day observables: the stellar mass function, the de-
pendence of galaxy sizes on stellar mass, and the normalization
of the relation between supermassive black hole mass and host
galaxy mass. For a more detailed description please see Schaye
et al. (2015) and Crain et al. (2015).
To identify analogues of the MW satellite system we make
use of the z=0 EAGLE halo and galaxy catalogue (McAlpine et al.
2016). The haloes and galaxies correspond to gravitationally bound
substructures identified by the SUBFIND code (Springel et al. 2001;
Dolag et al. 2009) applied to the full mass distribution (DM, gas and
stars). The main haloes are characterized by the mass, M200, and
radius, R200, that define an enclosed spherical overdensity of 200
times the critical density. The position of each galaxy, both centrals
and satellites, is given by their most bound particle. We also study
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3the formation history of several individual systems, for which we
use the EAGLE galaxy merger trees (Qu et al. 2017) built from over
200 snapshots (roughly one every 70 Myrs).
2.1 Sample selection
We wish to work with a cosmologically representative sample of
satellite systems of similar stellar masses to the classical dwarfs
that orbit around the MW. We use the sample studied by Shao et al.
(2016) which consists of 1080 EAGLE haloes of mass, M200 ∼
1012 M, that have at least 11 luminous satellites within a distance
of 300 kpc from the central galaxy. We define luminous satellites as
subhaloes with at least one associated stellar particle, correspond-
ing to objects of stellar mass larger than∼1×106 M. If there are
more than 11 satellites within the chosen distance, we only consider
the 11 with the highest stellar mass. We further require that MW-
like analogues be isolated, that is they have no neighbours more
massive than themselves within a distance of 600 kpc. The median
halo mass of our sample is 1.2 × 1012 M (see Fig. A1 of Shao
et al. 2016 for the exact halo mass distribution), which is in good
agreement with recent determinations of the MW halo mass (e.g.
see Patel et al. 2018; Deason et al. 2019; Callingham et al. 2019;
Cautun et al. 2019a; and Fig. 5 in the Wang et al. 2019 review).
2.2 Identifying MW-like rotating planes of satellites
We identify satellites with co-planar orbits using the method intro-
duced by Shao et al. (2019). The goal is to find satellite distributions
similar to that in the MW, where 8 out of the 11 classical satellites
orbit in roughly the same plane1. This is illustrated in Fig. 1, which
shows the orbital poles of the classical satellites. Shao et al. (2019)
have quantified the degree of coplanarity of the orbits by the mini-
mum opening angle, α8, needed to enclose the orbital poles of the
8 satellites whose orbits are closest to a single plane. For the MW,
α8 = 22
◦, shown in Fig. 1 as the red dashed circle centred on
(l, b) = (182◦,−2◦).
For each MW-mass galaxy in our sample we identify the sub-
set of 8 satellites whose orbits exhibit the highest degree of copla-
narity as follows. We first generate 104 uniformly distributed direc-
tions on the unit sphere and, for each direction, we find the mini-
mum opening angle that includes the orbital poles of 8 satellites.
We then select the direction with the smallest opening angle. We
denote the smallest opening angle as α8; its corresponding direc-
tion is the normal to the common orbital plane in which the 8 satel-
lites orbit, which we denote as nˆorbit.
The distribution of α8 opening angles for ΛCDM MW-mass
haloes can be found in Fig 4 of Shao et al. (2019) We emphasise
that very few (only 6 out of 1080) EAGLE haloes have α8 values as
low as the MW. The rarity of such MW-like systems is somewhat
by construction, because we want to study a feature of the MW
satellite distribution that is uncommon when compared to the typ-
ical ΛCDM halo. In fact, a considerable fraction of ΛCDM haloes
have rotating planes of satellites; however each plane is different
suggesting that the planes encode information about the evolution
of that particular system (Cautun et al. 2015b). To obtain a reason-
able number of EAGLE satellite systems with orbits similar to those
1 The choice of 8 out of 11 satellites is explained in Fig. 3 of Shao et al.
This shows that a subset of 8 classical MW dwarfs have highly co-planar
orbits that stand out when compared to either typical ΛCDM systems or
isotropic distributions of orbits.
of the MW system, we define MW-like-orbits systems as those with
opening angles, α8 < 35◦. There are∼140 EAGLE haloes (13% of
the sample) that fulfil this selection criterion.
3 THE DM HALOES OFMW-like-orbits SYSTEMS
We refer to the DM haloes of galactic-mass systems in which 8 out
of the brightest 11 satellite galaxies orbit in a narrow plane as MW-
like-orbits systems We study the shape of the DM haloes and their
orientation relative to the plane of satellite, the central galaxy and
the large-scale structure surrounding these systems.
3.1 The DM halo shape
We characterise the shape of a DM halo by its mass tensor,
Iij ≡
N∑
k=1
xk,i xk,j , (1)
where the sum is over the DM particles found within the halo ra-
dius, R200. The quantity xk,i denotes the i-th component (i =
1, 2, 3) of the position vector associated with the k-th DM parti-
cle, measured with respect to the halo centre. The shape and the
orientation are determined by the eigenvalues, λi (λ1 > λ2 > λ3),
and the eigenvectors, eˆi, of the mass tensor. The major, interme-
diate and minor axes of the corresponding ellipsoid are given by
a =
√
λ1, b =
√
λ2, and c =
√
λ3, respectively, and their orienta-
tion is given by eˆ1, eˆ2 and eˆ3. We describe the halo shape by the
intermediate-to-major, b/a, and minor-to-major, c/a, axes ratios,
which characterize the degree of halo flattening.
The two axes ratios are shown in Fig. 2, where we compare the
flattening of the full sample of MW-mass systems to that of MW-
like-orbits ones. The full sample is characterised by preferentially
prolate haloes (a > b ≈ c) with a median flattening of b/a∼0.9
and c/a∼0.8, in good agreement with previous studies (e.g. Frenk
et al. 1988; Bett et al. 2007; Schneider et al. 2012; Shao et al. 2016).
The haloes of the MW-like-orbits sample show systematic differ-
ences compared to the full sample. Since the MW-like-orbits sam-
ple is rather small, only 139 objects, we assess the statistical signif-
icance of any observed differences using the Kolmogorov-Smirnov
(KS) test. Firstly, the MW-like-orbits haloes have b/a axes ratios
that are somewhat larger than that of the full sample. However, the
effect is rather small and a KS-test indicates that the difference is
not statistically significant (i.e. there is a p = 0.27 probability that
both samples follow the same distribution). Secondly, the MW-like-
orbits haloes have c/a axes ratios that are systematically smaller
than that of the full sample. This result is statistically robust, with
a KS-test probability of p = 3× 10−4 that the observed difference
is due to statistical fluctuations. Thus, the orbital clustering of the
MW classical satellites indicates that the Galactic DM halo is sys-
tematically flatter (i.e. smaller c/a ratio) than the typical ΛCDM
halo.
The haloes of MW-like-orbits systems are flattened because
they experience a higher degree of anisotropic accretion, especially
planar infall, than the average ΛCDM halo. This is illustrated in
Figure 7 of Shao et al. (2019), where we showed that systems with
many co-planar satellite orbits had a higher degree of anisotropic
infall (see also Libeskind et al. 2005; Lovell et al. 2011; Deason
et al. 2011; Shao et al. 2018a). The preferential infall plane is re-
sponsible for the coherent orbital planes of satellites as well as for
the flattening of the DM halo, with the equatorial plane of the halo
MNRAS 000, 1–15 (2020)
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Figure 1. Aitoff projection of the orbital poles of the classical satellites of the MW. Each black rhombus corresponds to the orbital pole of a classical dwarf in
Galactic longitude, l, and latitude, b. Shao et al. (2019) have shown that 8 out of the 11 classical satellites have highly clustered orbital poles that are contained
within a 22◦ opening angle (red dashed circle) around the direction (l, b) = (182◦,−2◦) (red cross symbol). Out of the 8 satellites with co-planar orbits,
Sculptor is counter-rotating, and, to emphasise that its orbit is in the same plane, the grey rhombus shows its position after flipping its orbital pole. The green
x shows the normal to the plane of satellites. In this paper, we show that the minor axis of the Galactic DM halo likely points towards the red cross symbol.
The two coloured regions show respectively the 50 and 75 percentile confidence interval for our determination of the orientation of the halo’s minor axis.
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Figure 2. The distribution of axes ratios, b/a (left panel) and c/a (right panel) of the shape of the entire DM halo, that is all the DM particles within R200.
The dashed line shows the result for all MW-mass haloes, while the red solid line corresponds to the sample of MW-like-orbits systems. We find with a high
statistical confidence that the Galactic DM halo is more flattened (smaller c/a) than the average ΛCDM halo. Also, we find hints that the MW halo is more
likely to have a≈b (i.e. more oblate) than the typical expectation, however due to the small sample size we cannot rule out that this difference is due to
statistical fluctuations (see main text for details).
being aligned with the anisotropic infall plane (e.g. Hahn et al.
2007; Ganeshaiah Veena et al. 2018, 2019).
3.2 The orientation of the DM halo with respect to the
satellite distribution
We now study the extent to which the satellite distribution can con-
strain the orientation of the DM halo. To this aim, Fig. 3, shows
the alignment of the satellite distribution with the minor axis of the
DM halo.
To begin with, we follow the standard approach in the liter-
ature and define the orientation as the direction of the minor axis
of the satellite system (e.g. Kroupa et al. 2005; Libeskind et al.
2005; Deason et al. 2011). This is calculated from the inertia tensor
of the distribution using Eq. (1) applied to the 11 brightest satel-
lites of each system. The resulting orientation of the minor axis of
MNRAS 000, 1–15 (2020)
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Figure 3. Left panel: the CDF of the alignment angle, cos θ, between the minor axis of the satellite system and the minor axis of the DM halo in the EAGLE
simulation. The three lines correspond to: all MW-mass haloes (dashed), MW-like-orbits haloes (solid red) and MW-like-orbits haloes with an LMC-mass
dwarf satellite (dotted blue). Right panel: as the left panel, but for the alignment angle between the normal to the common orbital plane of the satellites and
the minor axis of the DM halo. In both panels, the dotted diagonal line shows the CDF for the no-alignment case. Both the minor axis of the satellite system
and the normal to the common preferential orbital plane are aligned with the halo minor axis; however, the latter shows a much tighter alignment. Thus, the
plane in which most satellites orbit is a very good indicator of the DM halo minor axis and especially for systems that have MW-like-orbits planes.
Table 1. The median alignment angles between the satellite distribution of
MW-mass galaxies and their DM halos, central galaxies, and surrounding
large scale structure. We provide results for three samples of MW-mass
systems: all (second column), those with MW-like-orbits (third column)
and those with MW-like-orbits that also have an LMC-mass dwarf satel-
lite (fourth column). We provide values for the median angle and the 68
percentile confidence interval with which we can determine the median.
Alignment type Sample
All MW-like-
orbits
MW-like-orbits with
LMC-mass satellite
(1) θsats−halo 35.7+0.9−0.8 24.8
+2.9
−1.4 16.2
+8.1
−2.9
(2) θorbit−halo 30.2+0.7−1.1 17.3
+1.1
−0.6 18.7
+3.9
−3.9
(3) θorbit−cen 41.3+1.5−0.7 24.8
+1.4
−0.9 36.2
+7.5
−10.1
(4) θorbit−LSS 51.6+1.5−1.6 45.1
+2.0
−4.5 37.9
+7.2
−2.6
(1) - the median angle between the minor axis of the satellite distribution,
eˆ3; sats, and the minor axis of the DM halo, eˆ3; halo.
(2) - the median angle between the normal to the common orbital plane of
the satellites, nˆorbit, and the minor axis of the DM halo, eˆ3; halo.
(3) - the median angle between the normal to the common orbital plane of
the satellites, nˆorbit, and the minor axis of the central galaxy, eˆ3; cen.
(4) - the median angle between the normal to the common orbital plane of
the satellites, nˆorbit, and the first LSS collapse axis (i.e. the perpendicular
to the LSS sheet), eˆLSS.
the MW classical satellites is shown as the green cross symbol in
Fig. 1. Applying the same procedure to the EAGLE systems, we find
a moderate alignment between the minor axis of the satellite distri-
bution and the minor axis of the DM halo, with a median alignment
angle of 35.7◦. The subset of systems with MW-like-orbits show a
better alignment between their satellite distribution and DM halo,
with a median alignment angle of 24.8◦ (see Fig. 3 and Table 1).
The MW has recently accreted a massive satellite, the LMC,
that could potentially affect the orientation of its DM halo (e.g.
Garavito-Camargo et al. 2019) and satellite orbits (e.g. Go´mez et al.
2015; Patel et al. 2020), in addition to bringing in its own satellites.
To study the potential effect of the LMC, we have further identified
the subset of MW-like-orbits system that also have an LMC-mass
dwarf satellite. We define an LMC-mass analogue as any satellite
located less than 150 kpc from the central galaxy and with stellar
mass greater than 1 × 109 M (van der Marel et al. 2002; Mc-
Connachie 2012; Shao et al. 2018b). We find that ∼20% of the
sample (30 out of 139) have an LMC-mass dwarf; we find roughly
the same prevalence of LMC-mass satellites for the full population
of MW-mass systems. The alignment of MW-like-orbits systems
that have an LMC-mass satellite is similar to that of the MW-like-
orbits subset, with differences consistent with stochastic effects due
to the small number of systems with LMC-mass satellites.
The orientation of the satellite distribution can also be defined
as the normal, nˆorbit, to the common orbital plane of the 8 satellites
with the most co-planar orbits (see Section 2.2). The nˆorbit direc-
tion is robust, varying only slowly with time. This is in contrast to
the minor axis of the satellite distribution, which can vary rapidly
with time and whose orientation is especially sensitive to the far-
thest most satellites (e.g. Buck et al. 2016; Lipnicky & Chakrabarti
2017; Shao et al. 2019). The alignment of nˆorbit with the halo mi-
nor axis, eˆ3; halo, is shown in the right-hand panel of Fig. 3. We
find that, on average, nˆorbit is better aligned with eˆ3; halo than the
satellites’ minor axis. This is true for both the full population of
MW-mass halos, and even more so for the MW-like-orbits systems,
MNRAS 000, 1–15 (2020)
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Figure 4. The CDF of the alignment angle, cos θ, between the normal,
nˆorbit, to the preferential orbital plane and the minor axis, eˆcen, of the
stellar disc. The vertical arrow at cos θ ≈ 0 indicates the measured value
for our galaxy.
which have a median angle between nˆorbit and eˆ3; halo of only
17.3◦.
The very strong alignment between the normal to the common
orbital plane of satellites and the halo minor axis for MW-like-orbits
systems means that we can predict the orientation of the Galactic
DM halo with rather small uncertainty. The most likely orientation
of the MW halo, eˆ3; halo MW, corresponds to (l, b) = (182◦,−2◦)
and the 50, 75 and 90 percentile confidence intervals correspond to
angles of 17.3◦, 26.9◦, and 36.6◦, respectively. This prediction is
shown in Fig. 1 by the red cross symbol for the most likely orien-
tation of the halo minor axis, and by the two shaded regions for the
50 and 75 percentile confidence intervals.
The alignment of the normal to the common orbital plane of
satellites with the halo minor axis is better than the galaxy–halo
minor axis alignment, which has a median angle of 33◦ (e.g. Shao
et al. 2016), and thus provides a more robust way to infer the DM
halo orientation. This is especially the case for systems in which
many satellites have co-planar orbits, such as our Galaxy.
We note that the MW is an extreme object in the MW-like-
orbits sample, which has been selected to have opening angles
α8 < 35
◦, while the MW has αMW8 = 22◦. We find that satellite
systems with α8 values similar to that of the MW (such systems
are very rare, with only 10 out of 1080 having α8 < 25◦) show an
even tighter alignment between the common orbital plane and the
DM halo orientation and thus potential future studies that have ac-
cess to larger cosmological simulations could constrain the Galac-
tic halo orientation even better. Here, we do not quote any numbers
because the small sample size precludes us obtaining statistically
robust results.
3.3 The alignment of satellite systems with their central
galaxies
In Fig. 4 we study how the satellite systems are oriented relative to
the disc of the central galaxy. This is motivated by our own Galaxy,
where the common orbital plane of satellites is perpendicular to the
MW stellar disc (see Fig. 1 where the MW disc corresponds to b =
0◦). On average, nˆorbit is preferentially aligned with the minor axis
of the stellar distribution, eˆ3; cen, with a median angle of 41.3◦.
The alignment is even stronger for the MW-like-orbits subsample;
however, the presence of an LMC reduces this alignment, as shown
by the blue dotted line. Due to the small number of MW-like-orbits
systems with an LMC-mass satellite (there are 30 such objects), we
cannot exclude that the differences between the red solid and blue
dotted lines in Fig. 4 are due to stochastic effects; a KS-test finds
that the two curves are consistent at the 1.8σ level.
Fig. 4 illustrates that the satellite orbits are preferentially in the
plane of the central galaxy disc (e.g. see Lovell et al. 2011; Cautun
et al. 2015a) and that this alignment is even stronger for MW-like-
orbits systems, in which the majority of satellites have co-planar
orbits. As we have seen from Fig. 3, the MW-like-orbits systems
are also the ones most strongly aligned with the halo minor axis.
When taken together, it suggests that satellites with co-planar or-
bits are preferentially found in systems in which the minor axes of
the stellar disc and the DM halo are well aligned. Such configura-
tions correspond to systems in which the directions of anisotropic
infall have been roughly constant over time, since, on average, the
orientation of the stellar component is determined by the early fil-
aments along which gas was accreted while the orientation of the
DM halo is determined by late time filaments (e.g. see Vera-Ciro
et al. 2011; Wang et al. 2011).
The same argument also explains why we would expect sys-
tems with a massive satellite to have a higher degree of misalign-
ment between their satellite distribution and their central galaxies,
as seen when comparing the MW-like-orbits and MW-like-orbits
with LMC samples in Fig. 4. A more massive satellite indicates
a later assembly of the host halo (Amorisco 2017) and thus a larger
time span between when most stars were formed and when the
satellites were accreted. This increases the chance that the early fil-
aments along which gas was accreted are misaligned with the late
time filaments along which satellites fall into the system.
The MW, with a satellite system which is perpendicular to the
stellar disc, is an outlier when compared to the typical EAGLE sys-
tem (see Fig. 4). Nonetheless, we do find EAGLE examples that
have the same satellites–stellar disc geometry as the MW. To assess
how atypical the MW satellite system is, we define perpendicular
configurations as the ones for which cos θ ≤ 0.2. There are 5 out
of 139 (∼4%) such perpendicular configurations in the MW-like-
orbits sample and 3 out of 30 (∼10%) in the MW-like-orbits with
LMC-mass satellite sample. Thus, the MW satellites–stellar disc
configuration is rather unusual, but less so when accounting for the
fact that the MW has a very bright satellite. In Section 4 we study in
more detail the 5 MW-like-orbits systems that most closely resem-
ble our Galactic satellite distribution and investigate their formation
history in detail.
3.4 The alignment of satellite systems with the surrounding
large-scale structure
As discussed previously, anisotropic infall is one of the driving
factors behind the formation of flattened and rotating satellite dis-
tributions (e.g. Libeskind et al. 2005, 2011, 2014; Deason et al.
2011; Lovell et al. 2011; Shao et al. 2018a). The same process,
anisotropic accretion of DM and gas, is responsible, at least par-
tially, for the alignments between the DM, gas and satellite distri-
bution studied in the previous subsections, and it further implies
that these components are preferentially aligned with the large-
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Figure 5. The CDF of the alignment angle, cos θ,= between the common or-
bital pole of satellites and, the normal, eˆ lss, to the large-scale sheet in which
the system is embedded. We show results for three samples: the full pop-
ulation of MW-mass systems (dashed black), the MW-like-orbits systems
(solid red), and the MW-like-orbits systems that also have an LMC-mass
satellite (dotted blue). The arrow indicates the measurement for our galaxy,
which we obtained using the large-scale structure directions provided by
Libeskind et al. (2015).
scale structures (LSS) in which they are embedded (e.g. Tempel
et al. 2015; Velliscig et al. 2015b; Welker et al. 2015; Shao et al.
2016; Ganeshaiah Veena et al. 2018, 2019). This motivates us to
study the alignment between satellite systems and the surrounding
LSS, and compare it with Galactic observations.
We determine the orientation of the LSS using the NEXUS+
algorithm (Cautun et al. 2013, 2014a, for a comparison with other
cosmic web finders see Libeskind et al. 2018). This is a multi-
scale method that naturally determines the scale at which the mass
distribution is most anisotropic and that automatically determines
cosmic web environments, such as nodes, filaments and walls.
NEXUS+ takes as input the total matter density field smoothed
on a range of scales using a Gaussian filter. For each smoothing
scale, the method calculates the Hessian matrix of the smoothed
density field and, using its eigenvalues, determines the degree of
anisotropy of the mass distribution. At each location, NEXUS+ se-
lects the smoothing scale with the largest degree of anisotropy and
the eigenvectors of the Hessian matrix calculated for that smooth-
ing scale are then used to define the LSS directions. Here, we study
the alignment relative to the first direction of LSS collapse, which
we denote with eˆLSS. This direction is given by the eigenvector
corresponding to the largest eigenvalue and determines the normal
to the LSS sheet in which a system is embedded.
Fig. 5 shows the alignment between the satellite distribution,
characterised in terms of nˆorbit, and the LSS direction, eˆLSS. We
find a weak alignment between the two orientations with a mis-
alignment angle of 51.6◦ (see Table 1). It illustrates that the satel-
lites orbit preferentially within the plane defined by the LSS sheet
surrounding each system. The MW-like-orbits systems show an
even better alignment with the LSS than the full population. Fur-
thermore, the subsample with LMC-mass satellites shows a hint of
an even stronger alignment, but that sample is too small to arrive
at statistically robust conclusions. The weak present day alignment
between the satellite distribution and the LSS orientation is to be
expected. This alignment is largest when calculated at the time of
infall of the satellites (Libeskind et al. 2014; Shao et al. 2018a), and
is weakened by the subsequent evolution and re-arrangement of the
cosmic web around each halo (e.g. Vera-Ciro et al. 2011; Cautun
et al. 2014a).
To compare with the MW, we have calculated the angle be-
tween the MW common orbital plane and the normal to the LSS
as found by Libeskind et al. (2015). The latter was calculated us-
ing the reconstructed velocity shear tensor in the Local Universe.
We find that the MW satellite distribution has a 29◦ misalignment
angle with respect to the local LSS sheet, in qualitative agreement
with our theoretical predictions.
4 THE STRUCTURE AND FORMATION HISTORY OF
THE GALACTIC DM HALO
As we discussed in the introduction, the MW classical satellites
have several properties that make them atypical of galactic satellite
systems in a ΛCDM universe. Previous studies have invoked such
features a potential tensions with the standard cosmological model
(e.g. Ibata et al. 2014; Pawlowski et al. 2014; Cautun et al. 2015b).
However, while the Galactic disc of satellites is rare, it is not rare
enough to pose a serious challenge to the ΛCDM model (for de-
tails see Cautun et al. 2015b, and in particular their discussion of
the look-elsewhere effect). Here, we take a different approach. We
assume that ΛCDM is the correct cosmological model and pose the
question: what do the atypical features of the MW satellite distri-
bution reveal about the structure and formation history of our DM
halo?
We identify MW analogues in the EAGLE simulation that share
the two characteristics of the satellite distribution that stand out the
most: (i) that 8 of the 11 classical satellites have nearly co-planar
orbits, and (ii) that the common orbital plane of those satellites is
perpendicular to the stellar disc. These criteria correspond to se-
lecting from the MW-like-orbits subset the systems for which the
satellite distribution is nearly perpendicular to the central disc (see
Sec. 4), which we define as having a misalignment angle, θ > 78◦
(i.e. cos θ < 0.2). We find five such systems, which we label MW1
to MW5, and whose properties are summarised in Table 2.
4.1 The structure of the DM halo
We start by studying the shape of the DM halo of our MW ana-
logues as a function of the distance from the halo centre, as illus-
trated in Fig. 6. For each radial bin, we calculate the shape of the
mass distribution within that radius. The inner regions of the halo
are only slightly flattened, with b/a∼0.95 and c/a∼0.85, and the
axes ratios show very little variation with radius; we can therefore
make robust predictions for the shape of the inner DM halo. We
note that the inner haloes in simulations that include baryons are
typically rounder than in DM-only simulations (Bailin & Steinmetz
2005; Velliscig et al. 2015a; Chua et al. 2019; Prada et al. 2019),
with the dominant effect being the potential of the baryons, which
is very important for r/R200 ≤ 0.2. At larger distances, the halos
become systematically more flattened and, at the same time, show
greater halo-to-halo variation.
We next examine how the orientation of the DM halo changes
as a function of radial distance. This is illustrated in Fig. 7, which
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Table 2. Selected properties of the 5 systems in the EAGLE simulation that have similar satellite distributions to the MW’s. The systems were chosen to have 8
of the 11 brightest satellites orbiting within a cone of opening angle, α8 < 35◦, and in a common orbital plane close to perpendicular (θ > 78◦) to the stellar
disc of the central galaxy. The columns are as follows: (1) system label, (2) halo mass, (3) halo radius, (4) stellar mass, (5) the angle, θorbit−halo, between
the common satellite orbital plane and the halo minor axis, (6) the angle, θorbit−cen, between the common satellite orbital plane and the central galaxy minor
axis, (7) the angle, θhalo−cen, between the minor axes of the DM halo and central galaxy, and (8) the stellar mass of the LMC-analogue if the system has one.
Label M200 R200 M? θorbit−halo θorbit−cen θhalo−cen M? LMC
[1010 M] [ kpc] [1010 M] [109 M]
MW1 125.2 227.2 2.57 2.0◦ 72.9◦ 70.9 1.8
MW2 97.8 209.2 3.38 5.3◦ 80.4◦ 78.9 –
MW3 87.3 201.4 1.82 27.9◦ 88.9◦ 89.0 4.1
MW4 76.0 192.4 0.98 9.8◦ 88.3◦ 82.5 2.7
MW5 37.4 151.9 0.64 31.3◦ 88.5◦ 67.0 –
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Figure 6. The z = 0 axes ratios, c/a (top panel) and b/a (bottom panel),
for the five MW-analogues that have satellite distributions similar to the
MW system. The axes ratios are shown as a function of the radial distance
from the halo centre, normalised by the halo radius, R200. Each point cor-
responds to the shape of the DM particle distribution enclosed in a sphere
of the given radius.
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Figure 7. The alignment angle, cos θ, between the minor axes of the central
stellar disc and of the DM halo. The halo shape is calculated as a function of
radial distance. Each curve shows one of our five MW-analogues. The twist
in the halo orientation, which is visible as a rapid change in the alignment
angle, reflects the fact that that the outer halo is aligned with the satellite
distribution, which is perpendicular on the central disc.
shows the alignment between the minor axes of the central galaxy
and the DM halo. The inner halo is very well aligned with the stellar
distribution, as seen in other galaxy formation simulations (see also
Bailin & Steinmetz 2005; Velliscig et al. 2015a; Tenneti et al. 2014;
Shao et al. 2016). But, at farther distances, we see a very rapid shift
in the DM halo orientation, which changes by more than 70◦ over
a very narrow radial range. We refer to this feature as the “twist”
of the DM halo. The exact radius where the twist takes place varies
from system to system, but the existence of such a twist is a robust
feature across all our MW analogues. At even larger distances, the
halo orientation remains fairly stable and nearly perpendicular to
DM distribution in the inner region.
In Fig. 8 we present a more intuitive way of visualising the
orientation of the DM halo for our three MW analogues (MW1,
MW3 and MW4) that have an LMC-mass satellite. The left-hand
panels show the minor axis of the halo calculated at various ra-
dial distances. The sky coordinates are fixed according to the stel-
lar distribution of each central galaxy, with the plane of the disc
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Figure 8. Left panel: Aitoff projection showing the orientation of the minor axis (triangles) of the host DM halo of the three MW analogues that have an
LMC-mass satellite (MW1, MW3, and MW4). We measure the halo shape within spherical regions with radii between 10 kpc and R200 (this is different for
each host, see Table 2); the colours indicate the radii as shown in the legend. The coordinate system is given by the central galaxy stellar disc, with the disc
being located in the b = 0◦ plane. Right panel: the shape and orientation of the DM haloes at different radii. As for the left panel, the colours indicate the
radius. The background image shows the distribution of stars with the central galaxy seen edge-on along the x-axis and the rotating satellite distribution seen
edge-on along the y-axis. The main axes of each ellipse are given by the major and the minor axis of the DM distribution within each 3D radius. Each ellipse
is oriented such that it makes the same angle with the x-axis (i.e. the disc of the central galaxy) as the 3D angle between the minor axis of the halo and the
stellar disc. For clarity, the position of the minor axis is highlighted by the solid black line that connects the various ellipses. The black dashed line shows the
halo radius, R200.
corresponding to b = 0◦. The sky projection clearly shows the
twist of the DM halo: the minor axis of the halo, which is found at
b∼90◦ in the inner regions, undergoes a rapid change to b∼0◦ at
large radial distances. The panels also illustrate that the minor axis
orientation generally varies by ∼10◦ or less between neighbour-
ing bins, a signature of a smooth change in the different directions
along which the halo assembled (Vera-Ciro et al. 2011). However,
the halo “twist” represents a dramatic change in orientation, with
the minor axis varying by ∼70◦ from one radial bin to the next.
This suggests that, to a good approximation, these DM haloes can
be modelled as an inner component with minor axis at b = 90◦ and
an outer component with minor axis at b∼0◦.
The right-hand panels of Fig. 8 illustrate both the shape and
orientation in projection of the DM halo for the MW1, MW3 and
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MW4 systems. To highlight its relation to the stellar distribution,
we select a Cartesian coordinate system in which the central galaxy
is seen edge-on along the x-axis and the rotating plane of satellites
is also found roughly edge-on but along the y-axis. Such geome-
tries are possible for our sample of MW-analogues since the rotat-
ing plane of satellites is perpendicular to the central disc. In each
panel, the stellar distribution is shown by the background colours,
with the LMC-mass analogue being clearly visible as a massive
blob. The halo shape and orientation are represented by ellipses,
with each ellipse corresponding to the DM distribution in a sphere
centred on the central galaxy. The axes of each ellipse are given by
the major and minor axes of the 3D DM distribution, and the ellipse
is orientated to make the same angle with the x-axis (i.e. the cen-
tral stellar disc) as the 3D angle between the halo minor axis and
the stellar disc. The figure provides a compelling illustration of the
complex geometry that characterises our MW analogues.
The ubiquity of a “twist” in all our MW analogues suggests
that such a feature ought to be present in our Galactic DM halo too.
Unfortunately, the satellite distribution cannot constrain the exact
radius where the twist would happen, which for our sample varies
from 30 kpc for MW3 to 150 kpc for MW2. Evidence for a twist
in the Galactic halo has been claimed before when modelling the
orbit of the Sagittarius stream (see the interpretation of the Law &
Majewski 2010 MW model by Vera-Ciro & Helmi 2013), but the
validity of this claim has been hotly debated, especially because
the massive DM halo in which the LMC resides could introduce
systematic effects (e.g. see Vera-Ciro & Helmi 2013; Go´mez et al.
2015). If we take the results of the Law & Majewski Galactic model
at face value, then the Galactic halo twist must be inside the orbit
traced by Sagittarius, potentially as close as a few tens of kilopar-
secs from the Galactic Centre.
4.2 The evolution of the MW analogues
We now investigate the effects that produce a twist in the DM
haloes in all our MW analogues. We focus on answering two ques-
tions: (i) is the twist produced because the spin of the stellar disc
flipped at some point as a result of either a merger with or a flyby by
other galaxies (e.g. Bett & Frenk 2012, 2016; Dubois 2014; Earp
et al. 2017)? or (ii) is the twist due to a variation in the direction of
the (anisotropic) infall of satellites?
To answer these questions, we follow the variation in time of
the orientation of the central galaxies and their DM halos in each
of our MW analogues. This is shown in Fig. 9 where we plot the
orientation relative to that at the present day. We find that the ori-
entation of the central discs has been relatively stable in the past 5
Gyrs and potentially even longer for some systems, such as MW2
and MW4. During the last several gigayears, the discs experience
only minor changes in orientation (see also Earp et al. 2019), typi-
cally . 20◦; these cannot explain the∼90◦ misalignment between
the stellar and DM components in our MW analogues. At early
times, the orientation of the stellar disc can vary more rapidly (e.g.
see MW1 in the top panel of Fig. 9) but this is typically the period
when the stellar mass was only a small fraction of today’s value
(see Fig. A1 in the Appendix).
In the bottom panel of Fig. 9 we study the changes in the ori-
entation of the DM halo. We see rather large variations even at late
times (e.g. MW5): the orientation of the halo is much less stable in
time than that of the stellar disc. The orientation of the halo is af-
fected by recently accreted material, which, being at large distances
from the halo centre, makes a large contribution to the inertia ten-
sor. The distribution of recently accreted material is determined by
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Figure 9. Top panel: the orientation of the central galaxy’s angular momen-
tum at different stages of the formation history. The orientation is relative
to the direction of angular momentum at z = 0. Bottom panel: the same
but for the minor axis of the whole DM halo.
the geometry of the cosmic web surrounding the system and, thus,
the variation in halo orientation is a manifestation of variations in
the LSS within which it is embedded. We have confirmed this point
visually by viewing movies of the evolution of these systems. They
show that the filaments feeding the halo can vary in time, espe-
cially between early (z > 1) and late (z < 0.5) epochs, and that
the variation is due to a mismatch between the small-scale cosmic
web which feeds the early growth of the halo and the slightly larger
scale web that is important for the late halo growth. The evolution
of one such system, MW3, is illustrated in Fig. 10, which shows the
DM distribution surrounding the halo from z = 2.5 up to present
day. Note that, in general, the small- and large-scale webs are well
aligned (Arago´n Calvo 2007; Rieder et al. 2013). The small and
rather special sample of systems we are considering here are not
representative of the average ΛCDM halo.
We also checked that the sudden change in halo orientation
is not due to the accretion of the LMC-mass analogues found in
the MW1, MW3 and MW4 systems. In fact, the DM halo changes
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Figure 10. The evolution of the DM distribution within 0.5 physical Mpc around one of our MW analogues, MW3. The colours show the projected DM
density, with red colours corresponding to high density regions and white corresponding to low density regions (see colour bar in the bottom-right panel). The
rows show the system at redshifts: 2.5, 1.5, 0.5, and 0.0, respectively. The left-hand column corresponds to the coordinate system in which the disc of the
central galaxy at z = 0 is seen edge-on along the x-axis (see horizontal black solid line) and the rotating plane of satellites at z = 0 is seen also edge-on
but along the y-axis (vertical black dashed line). The right-hand column shows the system after a 90◦ rotation, with the central disc still seen edge-on along
the x-axis but with the rotating plane of satellites seen face-on. The satellites and their progenitors are shown as open circles (for the 8 out of the 11 brightest
satellites with co-planar orbits at z = 0) and open triangles (for the remaining 3 satellites).
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orientation before the LMC analogue falls in (see Fig. B1 in the Ap-
pendix for the orbits of the LMC analogues). This is to be expected
since the most massive satellites are accreted along the most promi-
nent filament (Shao et al. 2018a) and that is already in place before
the infall of the LMC analogue. It is this prominent filament, along
which the LMC analogue falls in, that determines the orientation of
the host halo.
5 CONCLUSIONS
We have analyzed analogues of the Milky Way in the EAGLE cos-
mological hydrodynamics simulation of galaxy formation in or-
der to learn about the likely structure, shape and orientation of the
Milky Way’s dark matter halo. Our sample of MW analogues con-
sists of EAGLE halos of mass M200∼1012 M whose brightest 11
satellites have similar spatial and kinematical properties to the clas-
sical satellites of our Galaxy. In particular, we defined the subset
of “MW-like-orbits” systems as those in which the majority of the
satellites orbit in a single plane. This selection was motivated by
the observation of Shao et al. (2019, see also Pawlowski et al. 2013)
that 8 out of the 11 classical MW satellites have orbital poles that
lie within a very narrow, αMW8 = 22◦, opening angle. To obtain
a reasonably sized sample of counterparts in the relatively small
volume of the EAGLE simulation [(100Mpc)3)] we relaxed the cri-
terion slightly, requiring that 8 of the brightest 11 satellites should
have orbital poles within an α8 = 35◦ opening angle.
From our subsample of MW-like-orbits DM haloes we
conclude:
(i) Halos that, like that of the MW, host co-planar satellite
orbits tend to be more flattened (lower c/a axis ratio) than the full
population of haloes of similar mass. The MW-like-orbits systems
also have b/a ratios closer to unity than the full sample (see Fig. 2).
(ii) The normal to the common orbital plane of satellites is well
aligned with the minor axis of the DM host halo. The alignment is
even stronger for the MW-like-orbits subsample (see Fig. 3).
(iii) From these results, we predict that the minor axis of
the actual MW DM halo should be pointing along the direction
(l, b) = (182◦,−2◦), with the 50, 75 and 90 percentile confidence
intervals corresponding to angular uncertainties of 17.3◦, 26.9◦,
and 36.6◦ respectively (see Fig. 1).
(iv) The common orbital plane of satellites in the simula-
tions is preferentially aligned with the central stellar disc, but
this alignment is not as strong as that with the DM halo (see Fig. 4).
(v) The presence of an LMC-mass satellite does not affect
the satellite orbital plane–DM halo alignment, but it weakens the
satellite orbital plane–central disc alignment.
(vi) The planes of satellites have only a weak alignment with
the present day LSS environment in which they are embedded (see
Fig. 5).
The MW satellite distribution has another unusual feature: the
common orbital plane (and the associated plane of satellites) is al-
most perpendicular to the stellar disc. Such configurations are rare
in the EAGLE simulation, where most satellites orbit in the plane
of the central galaxy. To understand the implications of this strange
perpendicular arrangement, we selected those MW-like-orbits sys-
tems in which the majority of bright satellites orbit in the plane
perpendicular to the stellar disc. Only five such examples are to
be found in EAGLE, corresponding to ∼4% of the MW-like-orbits
sample. Three out of the five have an LMC-mass satellite indicat-
ing that the presence of a massive satellite makes a perpendicular
configuration between the orbits of satellites and the central disc
more likely.
From this subset of 5 MW-analogues, which represent the
closest match in EAGLE to the spatial and kinematical distribution
of classical satellites in the MW, we find:
(i) In the inner ∼30 kpc, the halos of the MW-analogues have
axis ratios, b/a = 0.85 and c/a = 0.95, with little halo-to-halo
variation. The outer parts of the halo are more flattened than the
inner parts and show larger halo-to-halo variation (see Fig. 6).
(ii) The DM halo of each MW-analogue is “twisted” such that
the orientation of the outer halo is perpendicular to that of the
inner halo. Since the main plane of the inner halo is aligned with
the central disc, the outer halo is nearly perpendicular to the stellar
disc. The location of the twist varies amongst halos, but always
occurs suddenly, in a very narrow radial range (see Fig. 7).
(iii) In all our MW analogues, the twist is due to a shift in the
direction of (anisotropic) accretion between early and late times,
which is reflected in the different the orientations of the inner and
outer DM halo. The central disc is quite stable once most of the
stars have formed, at redshift, z . 0.5 (or∼5 Gyrs lookback time).
The “twisted” DM halo inferred for our Galaxy by our anal-
ysis is consistent with the Galactic model proposed by Vera-Ciro
& Helmi (2013) in which the inner halo is aligned with the MW
disc while the outer halo is perpendicular to it. This model is based
on the analysis of the orbit of the Sagittarius stream by Law &
Majewski (2010) who argued that this requires the minor axis of
the Galactic halo to be perpendicular to the stellar disc. Further-
more, our prediction for the orientation of the minor axis of the
halo, (l, b) = (182◦,−2◦), matches very well the orientation in-
ferred by Law & Majewski2, (l, b) = (187◦, 0◦). We note that the
applicability of the model proposed by Vera-Ciro & Helmi is still
a matter of debate, largely because it ignores the gravitational in-
fluence of the LMC (Go´mez et al. 2015), which is thought to be
rather massive (Pen˜arrubia et al. 2016; Shao et al. 2018b; Cautun
et al. 2019b; Erkal et al. 2019) and this could introduce systematic
uncertainties. Our study provides independent and robust evidence
that our Galactic DM halo is indeed “twisted”, a conclusion that
could perhaps be tested further with GAIA data.
One of the limitations of our analysis is that, in order to obtain
a large sample of MW-like systems, we had to relax the criteria for
selecting satellite distributions with a majority of co-planar satel-
lite orbits. Our MW-like-orbits sample consists of systems where
eight satellites have orbital poles within opening angle, α8 = 35◦,
while for the MW the opening angle is αMW8 = 22◦. We find that
limiting our analysis to systems with small α8 values leads to an
even tighter alignment between the normal to the common orbital
plane of satellites and the halo minor axis although with increased
noise. Future simulations with much larger volumes than EAGLE
will provide larger samples of systems with small enough values pf
α8, potentially enabling more robust constrains on the orientation
of the Galactic DM halo.
A larger sample of MW-analogues would be needed to investi-
gate whether the location of the twist can be inferred from the prop-
erties of the satellite sample itself. For example, satellites accreted
early have fallen along different directions from satellites accreted
2 We applied a 180◦ shift in l to the value reported by Law & Majewski
to account for the fact that we measure an orientation and not a vector (i.e.
both vectors x and −x correspond to the same orientation).
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later on, so contrasting the orbits of early versus late accreted satel-
lites could constrain the lookback time at which the halo switched
orientation. The earlier the switch, the further in it happens.
All our EAGLE MW-analogues exhibit a twisted DM halo and,
on this basis, we have argued, that this feature is a generic predic-
tion of ΛCDM. While twisted haloes have so far only been identi-
fied in the EAGLE simulation, we expect this feature to be indepen-
dent of the galaxy formation physics. The tight alignment between
satellite orbits and the outer DM halo is driven by gravitational
collapse and thus is largely insensitive to the details of baryonic
physics. Similarly, the tight alignment between the central galaxy
and the inner halo is a consequence of the DM in the inner regions
conforming to the gravitational potential which is dominated by
the baryonic distribution. Our simulations suggest that twisted DM
haloes should be commonplace in a ΛCDM universe.
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APPENDIX A: HALO AND GALAXY MASS ACCRETION
RATES
Fig. A1 shows the mass growth history of the DM halo and of the
central galaxy in the five MW analogues studied in Section 4. The
central galaxies have assembled most of their mass by z = 1 (ex-
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Figure A1. The mass assembly history of the DM halo (top panel) and
central galaxy (bottom panel) of the 5 MW analogues studied in detail in
this paper.
cept MW1 and MW3 which have a slightly later formation time),
after which they experience only a modest growth in stellar mass.
It is interesting to contrast Fig. A1 with the changes in galaxy
and halo orientation shown in Fig. 9. The orientation of the cen-
tral galaxies can vary considerably during the phase of rapid stellar
growth (z > 1); however, at later times, when the mass growth is
slower, the orientation remains nearly constant. In contrast, the ori-
entation of the DM halos can vary significantly even at z < 1 when
their growth rate has slowed down.
APPENDIX B: THE ORBITS OF LMC ANALOGUES
Fig. B1 shows the orbits of the three LMC-mass satellites we found
in our sample of analogues of the MW bright satellite population.
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Figure B1. The distance between the LMC-mass dwarf and the progenitor
of the z = 0 MW-mass host halo. The solid lines correspond to each of the
three MW analogues that contain an LMC-mass satellite. The dotted lines
show the radius, R200, of each of the three host haloes.
In two of the systems, MW1 and MW3, the LMC-mass satellite
has just passed its second pericentre, while in MW4 the massive
satellite has just passed its first pericentre.
It is instructive to compare the accretion times of the LMC
analogues, that is the time when they first crossed the host halo ra-
dius, with the time when the host experienced its last large change
in orientation (see Fig. 9). The three LMC-mass satellites were ac-
creted 6, 5.5, and 3 Gyrs ago, while their host haloes retained a
roughly constant orientation (i.e. cos θ > 0.8 in the bottom panel
of Fig. 9) from 8, 5, and 4 Gyrs ago, respectively. Thus, the accre-
tion of the LMC-mass satellite occurred around the same time as
the last major reorientation of their MW-mass host halo.
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